Introduction
Redox enzymes catalyze the electron transfer from the first substrate to the second substrate, and are involved in many vital processes including glycolysis process, tricarboxylic cycle, respiratory chain, and photosynthetic process [1, 2] . Enzymes have the substrate specificity and recognize the intrinsic substrate in vivo. However, the substrate specificity for one of the two substrates is not so high for almost all redox enzymes. Therefore, the substrate may be replaced with artificial electron acceptor (or donor) in vitro, and the redox enzyme reactions can be combined with electrode reaction, when once the artificial electron acceptor (or donor) is reoxidized (or rereduced) at electrodes [3] [4] [5] . Furthermore, a limited number of enzymes can directly transfer electron to (or from) electrode [6] [7] [8] [9] [10] [11] [12] [13] [14] . The former and the latter are called mediated (MET) and direct electron transfer (DET)-type bioelectrocatalysis reactions, respectively. Both reactions are utilized to construct bioelectrochemical devices, such as biofuel cells and biosensors [5, 7, [15] [16] [17] . MET-type bio-devices might be superior in part to DET-type ones in the performance, since most of enzymes show rather low DET-type catalytic activity. However, DET-type bioelectrocatalysis reaction attracts great attention, because it avoids several problems concerning mediator [15] [16] [17] [18] . It has been proposed that the following two characteristics are essential to realize DET-type bioelectrocatalysis [19] . One is that the enzyme has more than two redox centers. The second is that one of the redox centers is located near the enzyme surface to act as a built-in mediator for the fast electron transfer between the enzyme and electrode. There must exit another factors governing DET reaction. However, it is extremely difficult to find novel common features among DET-type enzymes.
Multi-copper oxidases, such as laccase [8] , copper efflux oxidase (CueO) [10] and bilirubin oxidase [20] , are reported to act as DET-type enzymes for oxygen reduction. These enzymes commonly have a type 1 copper center and a type 2-3 copper cluster. On the other hand, DET-type enzymes for substrate oxidation have various cofactors, such as flavins, quinones, hemes and iron-sulfur clusters. We have focused on membrane-bound enzymes as a model group of DET-type enzymes for anodes, since a variety of membrane-bound enzymes including hydrogenase [11, 12] , gluconate dehydrogenase [13] , and alcohol dehydrogenase [14] show high DET-type bioelectrocatalytic activity.
D-Fructose dehydrogenase (FDH; EC 1.1.99.11) from Gluconobacter japonicus NBRC3260 is a heterotrimeric membrane-bound enzyme. We have succeeded in constructing an overexpression system of FDH [21] . Subunits I and II have covalently bound flavin adenine dinucleotide (FAD) and three heme C moieties, respectively, while the function of subunit III is not clear at the present moment [21, 22] . FDH shows strict substrate specificity to D-fructose and is used in diagnosis and food analysis [23, 24] . FDH is one of the redox enzymes capable of DET-type bioelectrocatalysis [25] , and gives very large current density of DET-type fructose oxidation at a variety of electrodes [20, [26] [27] [28] . The FAD is the catalytic site to accept electrons from the substrate, and the electrons are transferred to electrodes through the hemes C [29] .
Subunit II is essential in the fast electron transfer from the solubilized FDH to electrode as well as ubiquinone derivatives [29] . For further discussion on the electron transfer pathway, some structural information will be required, but no information is available on the crystal structure of FDH at the present moment.
On the other hand, the effective DET reaction should require proper orientation such that the heme C moiety of FDH faces to electrode in a short distance to directly and quickly transfer electrons to electrode. Several surfactants are often used to avoid non-specific adsorption of proteins [30, 31] and then seem to more or less inhibit the DET-type bioelectrocatalysis due for example to preferred adsorption of the surfactant over enzymes. However, some non-ionic surfactants such as Triton ® X-100 are required in solubilization of membrane-bound FDH from the membrane fraction. Subunit II containing three heme C moieties seems to be the membrane-anchoring moiety. The surfactant might adsorb on the membrane-anchoring region of the solubilized FDH.
Considering the fact that FDH gives large catalytic current density in DET-type bioelectrocatalysis even in the presence of Triton ® X-100 at several electrodes such as carbon electrodes [25] , the surfactant might have an important role to adsorb FDH in a manner suitable for DET-type bioelectrocatalysis.
In this paper, we focus our attention on effects of Triton ® X-100 on the DETtype bioelectrocatalysis caused by FDH. Au(111) is used as an electrode material, since the surface is sufficiently flat and the surface property is easily tuned by modification with several thiol molecules to fabricate self-assembled monolayer (SAM) [32] . We construct two kinds SAM-Au(111) electrodes with 2-mercaptoethanol (MEtOH) and mercaptoethane (MEtn) as hydrophilic and hydrophobic surface-containing electrodes,
respectively. In addition, we focus on the change in the catalytic current density in the bioelectrocatalytic current measurements as well as the frequency shift in quartz micro balance (QCM) measurements as measures of the orientation, the distance, and the surface concentration of FDH on the electrodes. We propose a model of the adsorption of the surfactant and FDH to reasonably explain the experimental results.
Experimental

Materials
MEtOH was purchased from Nacalai tesque (Japan). Other chemicals including
MEtn and Triton ® X-100 were from Wako Pure Chemical Industries (Japan). The expression and purification of FDH were carried out as described previously [21, 22] .
The fructose oxidation activity of solubilized FDH was measured spectrophotometrically with potassium ferricyanide and the ferric dupanol reagent, as described previously [22] .
Preparation of electrodes
Au(111) electrodes were prepared on freshly cleaved mica surface by vapor deposition at a pressure less than 6.5×10 −4 Pa. The temperature of a mica sheet was maintained at 580 °C during the deposition. Au-deposited mica sheets were subsequently annealed at 580 °C for 8 h and then quenched in ultrapure water.
SAM-modified Au(111) electrode was prepared by immersing the Au-coated mica substrates for at least 1 h in an ethanol solution containing 1 mM of the corresponding thiol. Before measurements, SAM-modified Au(111) electrode was washed thoroughly with ethanol and ultrapure water in turn.
Electrochemical measurements
Cyclic voltammetry and chronoamperometry were carried out in McIlvaine buffer (pH 5.0) at 25 °C with a BAS CV-50W electrochemical analyzer under anaerobic conditions. The working electrode was the Au(111) electrode, of which the projected surface area was 0.283 cm 2 . The reference and counter electrodes were a handmade Ag|AgCl|sat.KCl electrode and a Pt wire, respectively. All the potentials in this paper are referred to the reference electrode.
QCM measurements with Au electrodes
QCM measurements were performed on a Seiko EG&G QCA917 QCM analyzer at the room temperature. 9-MHz At-cut quartz crystal plates were used (Seiko EG&G Co., Ltd.), of which the projected surface area was 0.196 cm 2 . density [34] . In addition, the MEtn-modified electrode provided strange characteristics:
Results and discussion
Catalytic currents at hydrophobic and hydrophilic electrodes in the absence
the catalytic current in the forward positive-going scan was smaller than that in the backward negative-going scan (Fig. 1, panel B) . However, the reason is not clear.
Effects of the surfactant adsorption on the DET-type catalytic current
Our question here is whether FDH and the surfactant adsorb competitively or cooperatively on the electrodes. Therefore, we examined effects of the surfactant addition on the fructose oxidation current catalyzed by adsorbed FDH. After adding We also recorded CVs of FDH-catalyzed fructose oxidation at the SAMmodified electrodes in the presence of 1% Triton ® X-100 before the addition of FDH (Fig. 3 , surfactant pre-addition experiments). At the hydrophobic MEtn-modified Au electrode, no catalytic current was observed (panel A). The result also indicates that Triton ® X-100 adsorbs predominantly on the hydrophobic electrode to inhibit the DETtype bioelectrocatalysis.
In contrast, the addition of FDH caused the appearance of clear catalytic wave at the hydrophilic MEtOH-modified Au electrode even in the presence of the surfactant (1%), as shown in panel B. The current density was almost identical with that observed in the surfactant post-addition experiments described before (dashed lined in the inset of Fig. 2, panel D) . At the bare Au electrode, the catalytic wave was observed, but the current density was much smaller than that at the MEtOH-modified electrode. The effect of the pre-addition of the surfactant on the current was similar to that observed in the post-addition experiments.
QCM measurements and adsorption model
The adsorption of the surfactant and FDH on the electrode was monitored on QCM. We first added 1% Triton ® X-100 into the test solution, and after the current It is reported that non-ionic surfactants form monolayer on hydrophobic surface at high concentrations of the surfactants [36, 37] in such a manner that the hydrophobic tail groups of the surfactant anchor to the hydrophobic surface and the hydrophilic head groups face the solution. The limiting value of the frequency shift (∆f) on the addition of Triton ® X-100 was about -40 Hz at the MEtn-modified Au (111) electrode (Fig. 4, curve A) , which corresponds to a mass change per unit area ( A m / ∆ ) of 2.0 × 10 2 ng cm −2 according to Sauerbrey equation [38] .
where f0 is the fundamental resonance frequency (9 MHz), µq is the shear module (2.947 (111) electrode in the absence of the surfactant (Fig. S1 ). The ∆f value was about 50 Hz upon the adsorption of FDH on Triton ® X-100-monolayer-adsorbed MEtn-modified electrode (Fig. 4, panel A) . Therefore, the surface coverage of FDH adsorption layer on the Triton ® X-100-monolayer may be calculated to be 0.4 (= 50 Hz/110 Hz). It seems to be difficult to transfer the electron from reduced FDH on the Triton ® X-100-monolayer to the Au electrode through the Triton ® X-100-monolayer (3-nm thickness) and the MEtn-SAM (0.3-nm thickness), since long range electron transfer kinetics reduces exponentially as increasing the distance between electron donor and acceptor [39, 40] .
Actually, FDH falls silent in DET-type bioelectrocatalysis at the hydrophobic MEtn-Au electrode in the presence of Triton ® X-100 (1%).
Even at the MEtOH-modified Au electrode, the f value decreased immediately after the addition of Triton ® X-100 (Fig. 4, curve B) . The limiting value of the frequency shift (∆f) on the addition of Triton ® X-100 was about -100 Hz. The result suggests the bilayer formation of Triton ® X-100 on the hydrophilic surface. There are a number of studies on the behavior of non-ionic surfactants on silica/liquid interface [41, 42] . It has been reported that Triton ® X-100 forms bilayer at high concentrations on hydrophilic bare silica in such a manner that the adsorption of Triton ® X-100 takes place through the ethoxy group on the silica and that the hydrophobic tail moiety is responsible for the bilayer formation.
On the succeeding addition of FDH into the solution, the frequency decreased The bare Au electrode showed medium QCM response between the hydrophobic MEtn-modified electrode and hydrophilic MEtOH-modified electrode.
Most probably, Triton ® X-100 forms monolayer predominantly on bare Au electrode, but in only limited parts the bilayer is also constructed to embed FDH.
Conclusion
We have controlled the electrode surface hydrophobicity by using two types of SAMs to examine the effect of Triton ® X-100 on DET-type bioelectrocatalysis of FDH.
In the presence of the surfactant, the hydrophobic MEtn-modified electrode shows no response in the DET-type catalytic reaction of FDH in spite of the adsorption of FDH on the MEtn-modified electrode. We propose a model in which the surfactant monolayer is formed on the MEtn-modified electrode and FDH adsorbs on the surfactant monolayer.
Under such conditions, the distance between the redox site of FDH and the electrode surface is too long to transfer the electron directly. In contrast, FDH is capable of DET- 
